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In Brief
The BDNF Val66Met prodomain is associated with reduced ability to extinguish fear memories. Giza et al. show that the BDNF Met prodomain eliminates spines in vCA1 neurons projecting to the PL, diminishing their capacity to adapt during extinction.
INTRODUCTION
Human carriers of a common SNP in the BDNF gene (Val66Met; rs6265) have impaired fear extinction learning (Soliman et al., 2010) , decreased response to fear extinction-based therapies, and enhanced risk for fear-related disorders such as anxiety or post-traumatic stress disorder (PTSD) (Felmingham et al., 2013; Zhang et al., 2014) . The BDNF Val66Met polymorphism lies within the prodomain region that interacts with the Vps10 domain protein, sortilin, which has been shown to direct intracellular trafficking of proBDNF to the regulated secretory pathway (Chen et al., 2005) . The variant BDNF exhibits decreased binding to sortilin, altered intracellular trafficking, and reduced activitydependent secretion of mature BDNF (mBDNF) (Chen et al., 2004 (Chen et al., , 2005 (Chen et al., , 2006 . Thus, the proposed mechanism by which the BDNF Met allele mediates fear extinction dysfunction has been conceptualized as a loss-of-function mutation due to decreased mBDNF bioavailability leading to reduced BDNFTrkB-dependent signaling in fear-related circuitry. During the transition from childhood to adolescence, BDNF levels increase dramatically in the frontolimbic circuitry (Casey et al., 2015; Katoh-Semba et al., 1998; Kolbeck et al., 1999; Yang et al., 2009) , which continues to develop during this time. Functional neuroimaging studies in human BDNF Met carriers indicate that there is altered frontoamygdala activity reminiscent of similar findings in patients with anxiety disorders and depression when presented with an empty threat or aversive stimuli (e.g., fearful faces) (Liberzon et al., 1999; Rauch et al., 2000) . However, the precise role of how BDNF may be involved in regulating the maturation of these circuits has not been determined.
Recently, we have shown that the cleaved BDNF prodomain can also be secreted in an activity-dependent manner from neurons (Anastasia et al., 2013) . In addition, the presence of the Met amino acid induces structural changes within the prodomain involving a shift in transient secondary structure from b sheet to a helical conformation in the residues surrounding the substitution. This shift confers bioactivity to the Met prodomain through differential interaction with a sortilin-related Vps10 (legend continued on next page) domain sorting receptor 2 (SorCS2), leading to neuronal growth cone retraction in the presence of the p75 neurotrophin receptor (p75 NTR ) (Anastasia et al., 2013) . However, this previous work only tested the effects of this newly discovered ligand on day in vitro (DIV)3 neurons when the prodomain is barely detectable. In contrast, we sought to examine the effects of the Met prodomain at later developmental stages when its physiological levels peak in peri-adolescence (Anastasia et al., 2013) . We hypothesized that key phenotypes that have been previously observed in human BDNF Met allele carriers as well as in Bdnf Met knockin mice may be due to the independent gain of function actions of the BDNF Met prodomain as opposed to reduced mBDNF bioavailability.
Here, we show that the BDNF Met prodomain serves as a potent ligand that triggers disassembly of the mature mushroom spines on hippocampal neurons and eliminates synapses by mobilizing multiple actin regulators through the SorCS2/p75 NTR receptor complex. We identified a neuronal population in the ventral hippocampus projecting to the prelimbic (PL) that is selectively affected by the BDNF Met prodomain due to their spatiotemporal expression of these receptors, which coincides with the peak in prodomain levels. We found that a single infusion of the BDNF Met prodomain into these neurons in peri-adolescent wild-type (WT) mice diminishes density of the projections to the PL and disrupts cued fear extinction. To bridge the defects found in spines of the ventral hippocampal neurons and the behavioral deficits, we used fiber photometry to observe in vivo circuit dynamics during the fear extinction learning. We demonstrate the anticipatory firing of the ventral CA1 (vCA1) neuronal projections recorded within the PL and their rapid return to baseline in the extinguished WT (Bdnf Val/Val ) mice. In contrast, the vCA1 neurons in knockin mice with the BDNF SNP (Bdnf Met/Met ) fail to display this adaptation and exhibit calcium traces identical to those from the same animals during early extinction trials. These findings suggest that the reduced fear extinction learning in mice and humans with this BDNF SNP may stem from an underdevelopment of fear extinction circuitry in the presence of the BDNF Met prodomain.
RESULTS

BDNF Met Prodomain Disassembles Spines and Eliminates Synapses
To test whether the BDNF prodomain affects mature neurons, we added recombinant Val or Met prodomain (10 ng/mL) to DIV21 cultured hippocampal cells and analyzed their morphology. By 40 min of the Met prodomain treatment, there was a progressive transitioning from the mature mushroom spines into thin/filopodia-like protrusions, resulting in nearly 60% decrease in mushroom spines (Figures 1A and 1B) . This effect was mirrored by an increase in thin spines with no changes in total spine density within 1 hr ( Figures 1A, 1B , and S2A). Our analysis was conducted on cells stained with actin-detecting phalloidin-Alexa 546 (Figure S1A ) to examine non-manipulated cells imaged with high-resolution 3D structured illumination microscopy (3D-SIM) (Nikon) (Gustafsson, 2005) . This allowed us to significantly improve the visualization of these thin and/or filopodia-like spines by over 50% compared to the images of the same dendritic segments acquired with wide-field microscopy ( Figures S1B and S1C ). Longer exposure to the BDNF Met prodomain (3 hr) led to nearly 30% reduction of total spines ( Figures 1A, 1B , and S2B). In contrast to the neurons treated with the Met prodomain, there were no spine type or density changes in neurons treated with the Val prodomain for 1 or 3 hr ( Figures 1A, 1B , and S2). To be certain that the Val prodomain has no effect on spine shrinkage, neurons were exposed to higher concentrations of Val (50 ng/mL) for 1 hr, resulting in no spine type changes ( Figure S2C ). Since the mushroom spine structure is stabilized by the branched F-actin present in the spine head, we compared the F-actin levels in spines/filopodia following 1-hr Met prodomain treatment to a known actin depolymerizing agent Latrunculin A (Lat-A). We found that the 1-hr Met prodomain exposure resulted in over 50% decrease in F-actin fluorescence intensity normalized to underlying actin in the dendritic segment, an effect as potent as with a 3-hr, 2.5-mM Lat-A exposure (Figures S1D and S1E) . Given that the physical changes to the mushroom spine structure may disrupt synapse integrity (Lin and Koleske, 2010) , we evaluated the presence of the pre-and postsynaptic markers following Met-induced morphological changes. Within 1 hr of the Met prodomain application, the percentage of spines containing postsynaptic density 95 (PSD-95) in the spine head and the overall PSD-95 density were both reduced by nearly 50% ( Figures 1C and 1D ) as opposed to cells exposed to the Val prodomain. The relocation of PSD-95 from spines to the dendritic shaft was concomitant with a significant decline in the number of the apposed presynaptic sites ($50%), labeled with antiBassoon antibody ( Figures 1E and 1F ). These results indicate that the BDNF Met prodomain disassembles spines and eliminates synapses.
SorCS2 and p75
NTR Are Required for BDNF Met Prodomain-Induced Synapse Elimination To define the mechanism by which the BDNF Met prodomain induces mature spine disassembly and synapse elimination, we examined the SorCS2/p75 NTR receptor complex, previously shown to mediate growth cone collapse in immature neurons induced by proneurotrophins, including proBDNF, proNGF, and the BDNF Met prodomain (Anastasia et al., 2013; Deinhardt (D) There was a significant decrease in percentage of PSD-95-positive spines and in PSD-95 puncta density in Met prodomain treated neurons (n = 10 Val, n = 10 Met for PSD-95-positive spines; n = 7 Val, n = 7 Met for PSD-95 puncta density; two-tailed, unpaired Student's t test, ***p < 0.001, **p < 0.01; data are represented as mean ± SEM).
(E) Bassoon in neurons exposed to Val and Met prodomain for 1 hr. Scale bar, 1 mm. Representative spines (white box) reconstructed in Imaris showing presynaptic Bassoon apposed to the spines. Scale bars for Val-treated spines, 0.1 mm; Met-treated spines, 0.3 mm.
(F) There was a significant decrease in the percentage of spines apposed to the Bassoon and overall Bassoon density with 1-hr Met prodomain treatment (n = 7 Val, n = 12 Met for Bassoon-positive spines; n = 8 Val, n = 9 Met for Bassoon puncta density; two-tailed, unpaired Student's t test, ***p < 0.001; data are represented as mean ± SEM). There was an increase in total and mushroom spine density in SorCS2 À/À neurons (top, middle bar graphs) compared to WT neurons. There were no significant differences in thin spines (bottom bar graph). Met prodomain treatment for 1 hr did not induce any spine changes (E). Scale bar, 1 mm (n = 10 control, n = 10 control', n = 9 Val, n = 9 Met; one-way ANOVA with Bonferroni's multiple comparisons test, **p < 0.01; data are represented as mean ± SEM).
(legend continued on next page) Glerup et al., 2014; Sun et al., 2012) . We found that in our hippocampal cultures, nearly 80% of the spines contained SorCS2 and p75 NTR (Figures 2A-2C ). The specificity of the rabbit anti-p75 NTR antibody was confirmed in p75 NTR knockout (p75 À/À ) neurons ( Figure S3A ). To determine whether both receptors are necessary for the spine collapse effect, we prepared hippocampal cultures from p75 NTR knockout (Lee et al., 1992) and , 2005) . The addition of the Met prodomain had no effect on the number of mushroom or thin spines in neurons missing either one of the receptors ( Figures 2D-2G ), indicating that p75 NTR and SorCS2 are both necessary and required for the BDNF Met prodomain-mediated processes.
BDNF Met Prodomain Induces Acute Spine Remodeling by Signaling to Actin Regulators
Since the spine shape is regulated by the organization of the actin cytoskeleton with the enrichment of the spine head with filamentous actin and Met prodomain reduces the levels of F-actin in a manner comparable to actin depolymerizing agent Lat-A (Figures S1D and S1E), we hypothesized that the Met prodomain signals through the SorCS2/p75 NTR complex to actinmodifying proteins. Previously, proNGF was shown to utilize this complex to signal through the guanine exchange factor (GEF) Trio to regulate growth cone retraction in immature cells (Anastasia et al., 2013; Deinhardt et al., 2011) . Therefore, we examined the possible link between the BDNF Met prodomain and Trio in mature hippocampal spines after 1 hr when all the spines are still present ( Figure S2A ). Because the spines of neurons treated with the Val prodomain were indistinguishable from the untreated cells even at higher concentrations of Val (Figure S2C) , we compared the effects of the BDNF Met to the Val prodomain on the spine localization of Trio. Met exposure led to significantly fewer Trio-positive spines ( Figures 3A and 3B ). To determine whether this localized loss of Trio in dendritic spines affected Rac1 activity, we used an immunolabeling assay to detect active GTP-bound Rac1 using PAK1-GST probe (Harrington et al., 2011) . To validate our assay, we added mBDNF as a positive control, as it is known to induce Rac1 activation (Miyamoto et al., 2006) . As expected, mBDNF treatment led to a robust increase in the Rac1-GTP puncta density compared to the untreated control and Val-treated cells ( Figures 3C and  3D) . Conversely, the Met prodomain reduced Rac1-GTP puncta by nearly half of the basal levels ( Figures 3C and 3D ). Since downstream effectors of Rac1 are involved in spine maintenance by regulating actin stabilization (Nakayama et al., 2000) , we examined the actin severing protein cofilin. Decreases in phospho-cofilin are linked with destabilization of mushroom spines and their transformation into thin ones (Pontrello et al., 2012; Shi et al., 2009; Zhou et al., 2004) . Within 1 hr of the Met prodomain treatment, there was a significant reduction in phospho-cofilin puncta density (Figures 3E and 3F) , suggesting that the effect of the Met prodomain on mature spines may be achieved through cofilin-mediated actin depolymerization. Another known parallel mechanism of actin destabilization involves actin bundling protein fascin. In growth cones treated with proNGF, fascin is phosphorylated by PKC and disassociates from actin, thus destabilizing actin filaments (Deinhardt et al., 2011) . In mature spines, phospho-fascin levels were significantly increased following 1 hr of the Met prodomain application compared to the Val prodomain ( Figures 3H and 3I ). These findings suggest two parallel actin-regulating pathways triggered by the BDNF Met prodomain to promote the disassembly of spine heads: cofilin-mediated actin filament severing and phosphofascin-mediated prevention of actin re-bundling.
SorCS2 and p75 NTR Receptors Are Selectively and
Transiently Co-expressed in vCA1 Hippocampal Neurons during Peri-adolescence Having identified the molecular mechanism by which the BDNF Met prodomain disassembles dendritic spines, we expanded our study to the brain circuitry affected by the Met prodomain. Given that the prodomain is highly expressed in mice during peri-adolescence at P30 (Anastasia et al., 2013) , we tested the expression of SorCS2 and p75 NTR before, during, and after this time period. Given that humans with the Met allele and Bdnf Met/Met mice have impaired fear extinction learning (Felmingham et al., 2013; Pattwell et al., 2012a; Soliman et al., 2010) , we focused on the fear extinction circuitry. Recent evidence points to a critical role of the vCA1 neurons that project selectively to the PL, gating the fear expression incoming from the amygdala during extinction by activating inhibitory interneurons in the PL (Sotres-Bayon et al., 2012) . Due to discrepancies in the previous reports of the p75 NTR expression, we utilized p75 NTR -EGFP BAC reporter mice from the GENSAT Project (Schmidt et al., 2013) . In these mice, the EGFP gene is under the p75 NTR promoter, revealing neurons that possess the ability to express p75 NTR . We immunolabeled p75 NTR and SorCS2 in the hippocampus of pre-adolescent postnatal day 23 (P23), peri-adolescent P30, and adult P60 mice. We found that the neurons that express both receptors are present in vCA1 at P23 ( Figure 4A ), and their levels rise at P30 ( Figure 4B ). However, by adulthood at P60, p75 NTR is no longer present ( Figure 4C ). Figure S4 shows lower magnification images and the schematic pointing to vCA1 region represented in Figure 4 . On the contrary, other brain regions related to this fear extinction circuitry show the lack of p75 NTR and SorCS2 co-expression. In the dorsal hippocampus across development, there are only incoming p75 NTR -positive fibers from the basal forebrain ( Figure S3B ). Additionally, there is no p75 NTR present in the basolateral amygdala (BLA) and conversely no SorCS2 in the PL ( Figures S3C and S3D ). These results point to a unique population of vCA1 neurons in fear (F and G) Representative WT (control) and p75 À/À neurons treated with Val or Met prodomain. Scale bar, 1 mm (F). There was an increase in total and mushroom spine density in p75 À/À neurons (top, middle bar graphs) compared to WT neurons. There were no differences in thin spines (bottom bar graph). One-hour Met prodomain treatment did not induce any spine changes (G). Scale bar, 1 mm (n = 7 control, n = 9 control', n = 10 Val, n = 12 Met; one-way ANOVA with Bonferroni's multiple comparisons test, **p < 0.01; data are represented as mean ± SEM). (C and D) Active Rac1-GTP in neurons treated with Val prodomain, Met prodomain, and BDNF. Scale bar, 1 mm (C). Active Rac1-GTP levels in neurons treated with Met, but not Val, prodomain are significantly reduced. Mature BDNF condition was added as a positive control for Rac1 activation, showing an expected increase in Rac1-GTP puncta (n = 9 control, n = 6 Val, n = 6 Met, n = 6 BDNF; one-way ANOVA with Bonferroni's multiple comparisons test, **p < 0.01, ***p < 0.001; data are represented as mean ± SEM).
(legend continued on next page)
extinction circuitry that is predisposed to the effects of the Met prodomain through its temporal co-expression of the two necessary prodomain receptors.
(E and F) Actin severing protein cofilin in its phosphorylated (inactive) form in neurons treated with Val or Met prodomain. Scale bar, 1 mm (E). Neurons treated with Met prodomain for 1 hr showed marked reduction in the levels of p-cofilin (F) (n = 7 Val, n = 8 Met; two-tailed, unpaired Student's t test, **p < 0.01).
(G and H) Fascin (G) and p-fascin (H) in neurons treated with Val or Met prodomain for 1 hr. Scale bar, 1 mm.
(I) With 1-hr Met prodomain treatment, there was significantly more p-fascin, preventing actin rebundling (n = 9 Val, n = 9 Met; two-tailed, unpaired Student's t test, **p < 0.01; data are represented as mean ± SEM). are co-expressed, we wanted to find out whether the delivery of exogenous Met prodomain at this particular time and location in vivo will modify the vCA1 neurons and consequently their projections to the PL. For this purpose, we injected a single dose of the Met or Val prodomain (400 ng/mL) into the vCA1 of P30 and P60 mice. Using Golgi staining, we examined the changes in dendritic spines after 3 hr, which allowed for tissue recovery from the injection. In P30 mice, there were approximately 20% fewer spines after the Met prodomain injection, in contrast to the Val prodomain ( Figures  5A and 5B). As predicted, there were no spine density changes between Met and Val prodomain injections in the P60 mice ( Figures 5A and 5B). Considering that the exogenous Met prodomain was introduced into WT mice that normally produce the Val prodomain, we analyzed the effects of the Met prodomain in the presence of the Val prodomain in vitro.
We found that the effect of the combined prodomains at 1:1 ratio on the neuronal spine morphology is intermediate compared to the Met and Val alone (Figures S5A and S5B) , suggesting that the smaller spine density reduction observed in vivo could be due to the combined effect of the two prodomains. To determine whether the acute reduction in spine density with exogenous BDNF Met prodomain in the vCA1 affected the fear extinction circuitry connectivity, we injected the Met or Val prodomain (400 ng/mL) into the vCA1 along with an anterograde tracer Phaseolus vulgaris leucoagglutinin (PHA-L), to label axonal projections from the vCA1 to the PL (Figure 5C ). PHA-L-positive fiber density analyses were conducted 20 days after the P25 injection at P45. In mice injected with the Met prodomain, there was a significant 25% decrease in fiber density of the vCA1 neurons projecting to the PL area at P45 compared to Val-or saline-injected animals ( Figures 5D and  5E ). This effect was specific to the PL, as there was no difference in PHA-L-positive fibers in the infralimbic cortex (IL) among all groups ( Figures 5D and 5E ). Given deficits in the spines and projections of the vCA1 neurons following single injection of the Met prodomain, we wanted to assess whether this discrete impairment could alter fear extinction learning. We used a well-established fear extinction paradigm, in which extinction consists of presenting the cue alone after the initial fear conditioning (day 1, Figure S6A ). Comparing early extinction (days 2-3, Figure S6A) with late extinction trials (days 4-5, Figure S6A ) (Pattwell et al., 2012a; Pattwell et al., 2012b) allows for differentiation between heightened anxiety and actual learning. We bilaterally injected the Met or Val prodomain (400 ng/mL) into the vCA1 of WT mice at P25 and assessed cued fear extinction behavior at P45. The Met prodomain-injected mice demonstrated significantly higher levels of freezing in late cued fear extinction trials, compared to the Val prodomain-injected mice ( Figure 6A ). There was no difference in fear extinction between Val prodomain-injected and saline-injected mice ( Figure S6B ). These results suggest that the Met prodomain infusion into the vCA1 does not result in a generalized dysregulation of the hippocampal-dependent cognitive processes; instead, it leads to a specific alteration in circuitry regulating cued fear extinction learning. In order to show spatiotemporal specificity of the Met prodomain's effect on fear extinction circuitry, we performed this experiment in adult P60 WT mice, when p75 NTR is no longer expressed, testing their extinction learning at P80. As predicted, we saw no differences in fear extinction behavior between Val and Met prodomain-injected adult mice ( Figure 6B ). When the BDNF Met and Val prodomains were injected into the PL at P25, there was also no difference in fear extinction ( Figure 6C ). Last, there was no difference in contextual fear acquisition or retrieval between Val and Met-injected mice during peri-adolescence ( Figure 6D ), indicating that the fear learning mechanism is unaffected by the BDNF Met prodomain and its effects are specific to cued fear extinction.
Fear Extinction Circuitry Is Altered in Bdnf
Met/Met Mice Recently, it has been shown that, in developing WT mice, there is a significant surge in connectivity between vCA1 neurons projecting to the PL that peaks at P30 and decreases by P45 (Pattwell et al., 2016) . To investigate the connectivity between the vCA1 and PL in mice carrying the Bdnf Met allele, we injected a retrograde tracer, Fluoro-Gold (FG), into the PL of P23, P30, and P60 WT and Bdnf Met/Met mice and assessed the cell body staining in the vCA1 projection neurons ( Figure 7A ). Similarly to the previously described findings, we found increased number of (D) Representative images of the vPFC (left column, bregma 1.545 mm) after saline, Val, or Met prodomain injections into vCA1. Scale bar, 200 mm. Detailed view of the PHA-L-positive fibers in the PL (middle column) and IL (right column). Scale bars, 20 mm. (E) There was reduced PHA-L fiber density in the PL with Met prodomain injections into vCA1, suggesting fewer connections projecting from vCA1 to PL as opposed to the IL, where no differences were found (n = 4 saline, n = 4 Val, n = 4 Met; one-way ANOVA with Bonferroni's multiple comparisons test, ***p < 0.001; data are represented as mean ± SEM). (A) Mice with Met prodomain injections into vCA1 (bregma À3.0 mm) during adolescence at P25 showed significantly higher levels of freezing in the late fear extinction trials when tested as adults at P45 (n = 8 early Val, n = 8 early Met, n = 6 late Val, n = 6 late Met; two-way ANOVA with Bonferroni's multiple comparisons test, *p < 0.05; data are represented as mean ± SEM). See also Figure S6 . (B) There was no difference in freezing behavior during late cued fear extinction tests between mice that received Met or Val prodomain injections into the vCA1 during adulthood at P60 (n = 7 early Val, n = 8 early Met, n = 7 late Val, n = 8 late Met; two-way ANOVA, p > 0.05; data are represented as mean ± SEM). (C) There was no difference in freezing behavior in mice that received Met or Val prodomain injections into the PL of vPFC (bregma 1.7 mm) at P25 (n = 6 early Val, n = 7 early Met, n = 6 late Val, n = 6 late Met; two-way ANOVA, p > 0.05; data are represented as mean ± SEM). (D) There was no difference in contextual fear retrieval between Val and Met prodomain injected mice at P25 and P60 (n = 6 Val P30, n = 6 Met P30, n = 8 Val P30, n = 8 Met P60; two-way ANOVA, p > 0.05; data are represented as mean ± SEM). FG-labeled vCA1 neurons that projected to the PL between P23 and P30 in WT animals ( Figures 7B-7D ). In contrast, this surge did not occur in Bdnf Met/Met mice ( Figures 7B-7D ) and the diminished connectivity persisted into adulthood ( Figures 7B-7D ). To distinguish between the novel gain of function of the Met prodomain and the effect of the reduced BDNF levels, we also examined this developmental surge in heterozygote Bdnf (Bdnf +/À ) mice with half the normal levels of mBDNF. We found that the connectivity surge across development in Bdnf +/À mice was comparable to that of the WT animals ( Figures 7B-7D ), indicating that reduced BDNF levels do not affect the development of this circuitry. In addition, Bdnf +/À mice also do not demonstrate any differences in the fear extinction behavior ( Figure S7A 
Following Repeated Extinction Trials
To bridge the BDNF Met prodomain-induced dendritic spine changes and the behavioral fear extinction deficits, we utilized a live imaging technique, fiber photometry, which allows for a measurement of the real-time activity of neuronal populations within distinct circuit elements during specific behaviors. Importantly, through our use of fiber photometry recordings, we were able to establish the activity of vCA1 neuron terminals in PL with great temporal precision, i.e., time-locked to the onset of the fear cue. We injected an adeno-associated virus (AAV-Syn) carrying GCaMP6s unilaterally into vCA1 of the Bdnf Val/Val and Bdnf Met/Met mice at P45 ( Figure 8A ). The GCaMP6s virus encodes a modified calmodulin and GFP fusion construct that serves as a proxy for neural activity . We obtained comparable numbers of neurons infected by the virus in vCA1 determined by the number of GFP-labeled cell bodies ( Figures  8B, 8C , left bar graph, and S8A). In addition, an optical fiber implant was placed in the PL ( Figures 8A, 8B , and S8B). Analysis of the distal fibers projecting from the vCA1 into the PL revealed a reduced number of fibers despite comparable numbers of cell bodies within vCA1 ( Figure 8C ). There was no detectable difference in the IL projecting fibers ( Figures S8C and S8D ). These results are consistent with our findings demonstrating reduced fiber numbers following the injection of the BDNF Met prodomain into the vCA1 and analysis of the projections labeled with anterograde tracer in the PL and IL ( Figures 5D and 5E ). Three weeks following surgery, the mice underwent cued fear conditioning and extinction procedures, and the GCaMP6s signal in PL-projecting vCA1 neurons was measured during extinction sessions by recording directly from distal fibers through the optical fiber implanted within the PL. There were no genotype differences in activity during early trials (trials 1-5); that is, all mice exhibited similarly high levels of freezing during early extinction trials, accompanied by an increase in neural activity immediately following onset of the fear cue ( Figures 8D, S8E , and S8F Figure S8E ). These differences were paralleled by two genotypic differences in the activity that emerged during late trials. First, there was an increase in neural activity in PL-projecting vCA1 terminals in the Bdnf Val/Val , but not in Bdnf Met/Met mice, during the period preceding the tone (Figures 8E and S8G) . These responses may indicate anticipatory adaptation emerging during late extinction trials that facilitates the priming of an appropriate behavioral response (i.e., less freezing). Second, tone-locked activity of the PL-projecting vCA1 terminals returned rapidly to baseline within $2 s of tone onset in the Bdnf Val/Val mice ( Figures  8E and S8G) . Again, this was not observed in Bdnf Met/Met mice, which showed a sustained increase in tone-locked activity similar to activity patterns in the early trials, when fear has not been extinguished yet ( Figures 8D and S8F ). Thus, during late cued fear extinction, the change in DF/F signal over time during the pretone period (À5.0 to 0.0 s) showed a significant increase in Figure 8G ). This genotypic difference is not observed during early trials ( Figure 8F ). This suggests that the response in Bdnf Met/Met mice was not modulated despite repeated extinction trials. The rapid return to baseline observed in Bdnf Val/Val neurons may reflect a properly functioning circuit and attenuated response to the fearful stimulus. Because the vCA1 has been shown to regulate fear expression through innervation of the PL (Jin and Maren, 2015; Sotres-Bayon et al., 2004; Wang et al., 2016) , these data suggest that the lack of response preceding the tone and sustained activity of this projection in response to a fear cue may underlie the fear extinction deficits in Bdnf Met/Met mice.
DISCUSSION
To our knowledge, this is the first report of a bioactive ligand inducing disassembly of mature dendritic spines and elimination of synapses in vitro and in vivo. The majority of synapse elimination studies in the mature CNS focuses on the removal of the molecules that regulate synapse maintenance or synapse formation through cell adhesive properties, such as neurexins, neuroligins, or synaptic cell adhesion molecules (synCAMs) (Missler et al., 2012) . Using 3D-SIM, we show that the BDNF Met prodomain acts locally at the spine to mobilize key actin modifiers to eliminate synapses and disassembles spines that express the SorCS2/p75 NTR receptor complex by driving Rac1-regulating molecule Trio out of the spines (Figures 3A and 3B) . Recently, it has been demonstrated that Trio is present in dendritic spines of CA1 hippocampal neurons and functions as a critical and potent regulator of synaptic structure (Herring and Nicoll, 2016 Kalirin-7, has been more extensively studied in the context of spine remodeling due to its exclusive expression in the CNS, a recent analysis of Trio À/À knockout mice suggests its involvement in hippocampal learning (Zong et al., 2015) . The relocation of Trio from spines to dendrites, triggered by the BDNF Met prodomain, could lead to the observed decrease in active Rac1 in spine heads ( Figures 3C and 3D ). The ability of Rac1 to maintain the spine morphology depends on keeping LIMK1 activated in order to phosphorylate and inactivate actinsevering protein cofilin (Nakayama et al., 2000) . With lowered active Rac1 in the spine, the levels of active cofilin may rise. A recent model of the actin disassembly described in nonneuronal cells suggests that for the cofilin severing process to be efficient, the bundling protein fascin needs to dissociate from actin (Elkhatib et al., 2014) . Previous electron microscopy (EM) studies analyzing mature dendritic spines did not detect fascin (Korobova and Svitkina, 2010) ; however, we observed fascin in spines with 3D-SIM ( Figure 3G ) in addition to increased phospho-fascin levels detected with another antibody following the Met treatment ( Figures 3H and 3I ). Another study showed that an injection of cytochalasin D, an inhibitor of actin polymerization, into the CA1 inhibits the return of fear response after re-conditioning during the last extinction session (Motanis and Maroun, 2012) . By driving up actin severing and preventing its bundling, the Met prodomain may maintain vCA1 spines in the collapsed state. Furthermore, as the Met prodomain disassembles spines, it may impose a physical constraint forcing PSD-95 to exit and further destabilize the dendritic spine suggested by a decrease in PSD-95-positive spines. Additionally, overall reduction in PSD-95 levels implies a degradation of PSD-95 ( Figures 1C and 1D ). Previous synapse elimination studies have shown that cell adhesion molecules, such as protocadherin-10 (Pcdh10) and ephrin-B3, also regulate PSD-95. The expression of the Pcdh10 is regulated by the MEF2 transcription factor and the fragile X mental retardation protein (FMRP) (Tsai et al., 2012) . As the MEF2 activates the ligase murine double minute-2 (Mdm2) that ubiquitinates PSD-95, it binds to Pcdh10 and is delivered to the proteasome for degradation. Similarly, ephrin-B3 stabilizes PSD-95 at synapses in its unphosphorylated state, but activityinduced phosphorylation of ephrin-B3 leads to its detachment from PSD-95 and consequent destabilization and turnover of PSD-95 (Hruska et al., 2015) . The reduction in spine number and spine head size of vCA1 neurons may reduce maturing vCA1 projections and render them incapable of efficiently innervating the PL neurons. To support this idea, strikingly, a single developmentally timed injection of the Met prodomain into the vCA1 of the WT mice phenocopies the connectivity and extinction deficits observed in Bdnf Met/Met mice ( Figures   6A, 8 , and S8). Our detailed developmental analysis of the co-receptors pinpoints specific spatiotemporal window in which the Met prodomain can act on vCA1 neurons projecting into the PL during peri-adolescence. Our use of fiber photometry to analyze in vivo neural ensemble activity at vCA1 neuron terminals is the first report linking neuronal activity differences in vCA1 neurons projecting to the PL with altered fear extinction learning, establishing that these differences emerge during extinction training. Our data suggest that as a result of the repeated extinction trials, in Bdnf Val/Val mice, the vCA1 neurons adapt their response and raise their activity in anticipation of the tone. This activity rapidly returns to baseline following tone onset in contrast to Bdnf Met/Met mice that exhibit impaired extinction and fail to raise the activity in prediction of the tone (2 s before) but also improperly maintain sustained activity following the tone onset for at least 5 s (Figures 8  and S8 ). Our observation that the vCA1 neurons of Bdnf Met/Met mice are unable to properly adapt their response with repeated extinction trials suggests that this impairment could lead to failure in response of the PL neurons, thus resulting in persistent fear expression. It is conceivable that having neurons with thinner and fewer spines with reduced vCA1 fibers in the PL may contribute to extinction learning deficits by reducing the influence of vCA1 on PL and correct processing of the fear extinction information and incorporating it within the circuit. Although extinction learning has been shown to involve the IL, the PL directly influences the efficacy of extinction training by mediating fear expression (Vidal-Gonzalez et al., 2006) . Thus, decreased fear following extinction is mediated by increasing the fear suppressing properties of the IL and by reducing the fear expressing properties of PL (Giustino and Maren, 2015; Sotres-Bayon et al., 2012) . In this context, we did not observe the difference in the vCA1 projections to the IL (Figures 5 and S8 ). This could be attributed to the distinct maturation and refinement of the vCA1 projections to the IL. In particular, it has been shown that in WT mice, unlike vCA1 projections to the PL, there is no developmental surge in connectivity of vCA1 neurons to the IL during peri-adolescence (Pattwell et al., 2016) . Notably, there is evidence of feedforward inhibition of PL by IL neurons (Ji and Neugebauer, 2012; van Aerde et al., 2008) , which may facilitate extinction learning. Alterations in PL activity resulting from the genotypic differences we have highlighted in PL-projecting vCA1 neurons may prevent the normal microcircuit communication between PL and IL. Future work should consider the dynamics by which multiple afferent and efferent PL projections interact to regulate fear extinction behavior. Our findings suggest that the Met prodomain has a novel gain of function with regard to fear extinction-related circuitry, rather than a loss of function as a result of reduced mBDNF bioavailability as in prediction of the tone, which subsided shortly after tone onset. Conversely, the Bdnf Met/Met neurons did not show this adaptation with increased activity in prediction of the tone or return to baseline level of activity after tone onset. ; two-tailed, unpaired Student's t test; *p < 0.05; data are represented as mean ± SEM).
previously reported (Chen et al., 2006) . In particular, our experiments using Bdnf +/À mice that have reduced mBDNF levels show no deficits in this developmental surge in connectivity between the vCA1 and the PL (Figures 7B and 7D ) and no impairments in fear extinction ( Figure S7A ). As previously reported, developmental expression of the proBDNF in the CNS declines significantly after P15 (Yang et al., 2014) . Furthermore, it is rapidly converted intracellularly into mBDNF or released in response to neuronal activity and converted extracellularly; therefore, its levels are negligible, and our results cannot be attributed to proBDNF (Dieni et al., 2012; Matsumoto et al., 2008) . (Soliman et al., 2010) . Together, our findings provide a mechanism by which the BDNF Met prodomain directly alters maturation of fear-related circuitry in a defined developmental ''sensitive period.'' In addition, it suggests the refinement of the neurotrophic hypothesis with regards to the divergent roles of the BDNF prodomain and mBDNF in fear-related behaviors.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
Animal care was in accordance with Weill Medical College of Cornell University's Institutional Animal Care and Use Committee. Mice were maintained with a 12-hour light/dark cycle at 18 C -22 C and had ad libitum access to water and food. All mice were healthy with no obvious behavioral phenotypes, and none of the experimental mice were immune compromised. For primary hippocampal neuronal cultures, C57BL/6 pregnant mice were purchased from Charles River (Wilmington, MA, USA). For all mouse studies, mice of the male sex were used and were randomly allocated to experimental groups. The Bdnf Met/Met mice were as reported previously (Chen et al., 2006 ) were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). p75-EGFP BAC mice expressing GFP in neurons that express endogenous p75, were obtained from the Gene Expression Nervous System Atlas (GENSAT) project (NINDS Contracts N01NS02331 & HHSN271200723701C to The Rockefeller University, New York, NY) (Schmidt et al., 2013) . The p75 À/À mice were purchased from The Jackson Laboratory (B6.129S4-Ngfr tm1Jae /J, Jackson Laboratories). The SorCS2 À/À mice were generated by inserting a vector purchased from EUCOMM (the European Conditional Mouse Mutagenesis Program), which contained L1L2_Bact_P cassette composed of FRT site, lac Z gene, and loxP site followed by neomycin resistance gene under the control of the beta-actin promoter, second FRT and second loxP site flanking exon II of the SorCS2 gene and third loxP site downstream of the exon II. Following electroporation into 129 ES cells, positive clones were identified by neomycin resistance and resulting animals were screened by Southern Blotting detecting disrupted allele at 12.6kb as oppose to 7.5kb WT fragment resulting from HindIII restriction. The mice possessing disrupted SorCS2 allele were bred with flp deleter strain (B6;SJL-Tg(ACTFLPe)9205Dym/J, Jackson Laboratories) to remove the neo cassette flanked by FRT sites, followed by crossing with EIIa-Cre deleter strain (B6.FVB-TG(Ella-Cre)C5379mgd/J, Jackson Laboratories) to excise exon 2 of the SorCS2 gene surrounded by loxP sites. The mice were then backcrossed to C57BL/6 for over eight generations.
Hippocampal neuronal cultures DIV18-21 primary hippocampal neurons were prepared from C57BL/6 pregnant mice as previously described (Kaech and Banker, 2006) with some modifications. Briefly, hippocampi from E18 mice were collected and digested with papain (Worthington Biochemical Corporation, Lakewood, NJ, USA), in the presence of deoxyribonuclease I (Sigma), 1.5 mM CaCl 2 , and 0.75 mM EDTA solution in 37 C/5% CO 2 incubator for 25 min. The tissue was triturated with fire-polished glass pipettes and cells were plated on nitric acidtreated, poly-L-lysine (Sigma) coated glass coverslips (Electron Microscopy Sciences, Hatfield, PA, USA). The cells were incubated for several hours in Neurobasal medium (GIBCO, Grand Island, NY, USA), supplemented with 1 mM sodium pyruvate (GIBCO), 6mM Glutamax (GIBCO), 10% fetal bovine serum, 0.5% glucose, and 50 mg ml -1 primocin (Invivogen, San Diego, CA, USA). After allowing the cells to settle for a few hours, the media were switched to Neurobasal medium supplemented with B27 (GIBCO), 1 mM pyruvate (GIBCO), 2 mM glutamine (GIBCO), 50 mg ml -1 primocin, and 4 mM cytosine-1-b-D-arabinofuranoside and maintained in culture for 18-21 days without any media changes/additions.
METHOD DETAILS
All culture and animal experiments were quantified blinded as to the experimental manipulation. Mice were randomly allocated to experimental groups and all data collected in the course of these studies were included in the individual analyses. No data were excluded and therefore there were no exclusion criteria. Due to technical limitations on sample collection no sample-size estimates were conducted. All attempts were made to use a maximal sample size in each experiment whenever possible.
Antibodies
The following primary antibodies were used: anti-SorCS2 (R&D systems, Minneapolis, MN, USA), anti-p75 9992 (a gift from Dr. Moses Chao; Huber and Chao, 1995) Expression and purification of recombinant BDNF prodomain Recombinant BDNF prodomain proteins were produced as previously described (Anastasia et al., 2013) . Briefly, the plasmid pET28 (Novagen, Madison, WI, USA) containing the gene for the human BDNF prodomain (Val or Met) (amino acids 19-128 preceded by an N-terminal His-tag and SUMO) (Mossessova and Lima, 2000) , was transformed in BL21(DE3) pLysS competent cells (Invitrogen, Grand Island, NY, USA). Prodomain samples were purified using a nickel resin column (Ni-NTA, Invitrogen). SUMO was cleaved by Ulp-1 (His6 tagged) proteolysis. Subsequently, the sample was negatively selected in a second nickel resin column where the untagged BDNF prodomain was obtained in the flow-through fraction. The prodomain was purified by reverse phase HPLC using a Vydac C18 column, with gradient solutions A: 0.1% formic acid, 5% acetonitrile, 94.9% H 2 O and B: 0.1% formic acid, 99.9% acetonitrile with prodomain elution at 67% B. Prodomain containing fractions were lyophilized and stored at À20 C for further use. The resulting protein was resuspended and dialyzed for further use into 50 mM NaH 2 PO 4 , 100 mM NaCl, pH 7.0. The sample purity was assessed by SDS-PAGE using Coomassie blue and silver staining. The prodomain concentrations were determined by UV using a calculated extinction coefficient of 0.418 O.D. at 280 nm for a 1 mg/ml solution and confirmed using the Bradford method.
Immunostaining
For immunostaining of cells, cultured primary hippocampal neurons were starved for 3-4 hours in Neurobasal medium supplemented with 0.5% glucose. Following starvation, the neurons were treated with 1nM (10 ng ml -1 ) of Met and Val prodomains at 37 C/5% CO 2 . After the prodomain applications, the neurons were briefly washed with pre-warmed Hank's Balanced Salt Solution (GIBCO) and fixed with pre-warmed 4% paraformaldehyde / 4% sucrose solution for 15 minutes at room temperature. Cells were permeabilized and blocked with 5% fetal bovine serum with 0.1% Triton X-100 in phosphate buffered saline for 30 minutes at room temperature. Primary antibodies were applied for 1 hour at room temperature, and subtype-specific Alexa fluorescent secondary antibodies were added for 15 minutes at room temperature. Coverslips were mounted with ProLong Gold antifade reagent (Invitrogen). For immunostaining of tissue sections, coronal sections (40 mm) of whole brain were cut by using a sliding microtome frozen by powdered dry ice. Free-floating serial sections were washed in TBS, incubated for 30 minutes in a blocking solution containing 4% normal horse serum (vol/vol), 1% BSA in TBS with 0.2% Triton X-100 (TBS-Tx) and incubated overnight at 4 C with primary antibodies diluted in blocking solution. Sections were then washed in TBS and incubated for 2 hours with subtype-specific Alexa fluorescent secondary antibodies at room temperature. After washing three times for 10 minutes, sections were mounted, coverslipped with water soluble glycerolbased mounting medium, and sealed with nail polish.
3D Structured Illumination Microscopy (3D-SIM) imaging
For super resolution analysis of fixed culture samples, Nikon's Structured Illumination Microscope (N-SIM) Nikon Eclipse Ti (Nikon Instruments, Melville, NY, USA) was used. Images were acquired using a 100x Apo TIRF lens with 1.49 N.A. (Nikon Instruments) and Andor iXon3 DU-897E EMCCD camera (Andor Technology Ltd, Belfast, UK), set to 3D-SIM mode. Nikon's TIRF 405 laser was used for imaging of fluor 405. Acquisition settings were as following: 10MHz, 14-bit, EM gain without binning, conversion gain 1x, 2.4x or 5x depending on the signal. All laser power settings were set at 50%, and exposure times were adjusted to keep histogram values approximately at 4000 maximum counts for each channel (green, red, far red). Acquisition settings were kept consistent across all conditions within a given experiment. For every Z stack, 15 images were generated resulting from three angles and five phases. These images were subsequently reconstructed using NIS-Elements software 4.20 with N-SIM analysis plug-in (Nikon Elements) to generate super-resolution data image. Reconstruction parameters (Auto structured illumination contrast, 1.00 apodization filter parameter, 0.05 width of 3D-SIM filter) were optimized and kept consistent to generate the best Fourier transforms, allowing for image resolutions up to 85 to 100 nm (depending on the fluor used) with improved visualization of thin spines.
Tissue imaging and analysis
Serial coronal sections were observed under Nikon 80i fluorescent microscope with a DAPI/FITC/Rhodamine Tri-color Filter. Microphotographs were created using the MicroFire digital camera and the FireFrame software (Optronics, Princeton, NJ, USA). Stereological estimations of cell density were performed using the Stereo Investigator Software (MBF Bioscience, Williston, VT, USA). Contours of the basolateral nucleus (BLA) and ventral hippocampus were made with random sampling of the contours. Total volumes of the BLA and the ventral hippocampus were estimated by using Cavalieri estimation. Total cell numbers were estimated with the optical fractionator method and systemic random sampling, using counting frame size of 25 3 25 3 40 mm and sampling grid size of 100 3 100 mm.
Stereotactic injections
Mice from different age groups were microinjected stereotactically with the Met or Val prodomain (400 ng/ml) for spine examination and behavioral studies. For fear extinction circuitry connectivity analyses, the mice were injected with a retrograde fluorescent tracer fluorogold (FG) (Fluorochrome, Denver, CO, USA) or the anterograde tracer Phaseolus vulgaris leucoagglutinin (PHA-L) (Vector Laboratories, Burlingame, CA). Each mouse was anesthetized with a ketamine and xylazine cocktail (100 mg and 10 mg ml -1 ) at dosage of 0.1 mL per 10 g of total body weight. The animal was mounted on a stereotactic frame (David Kopf Instruments, Tujunga, California, USA) prior to surgical exposure of the skull. For enhanced visualization of the skull sutures, a 3% of H 2 O 2 solution was applied on the top of skull. Stereotactic coordination was performed by using an electrical drill mounted on a manipulator (David Kopf Instruments). The settings for each age group to target PL were the following: for P23 and P25, AP = 1.7 mm, ML = 0.4 mm, DV = 1.4 mm; for P29, AP = 1.95 mm, ML = 0.5 mm, DV = 1.95 mm; and for P45 and P60, AP = 1.98 mm, ML = 0.5 mm, and DV = 1.98 mm. The settings to target vCA1 were AP = À3.0 mm, ML = 2.5 mm, DV = 2.3 mm. Microinjections were performed using a Nanoject II Auto-Nanoliter Injector (Drummond Scientific Company, Broomall, PA, USA) equipped with glass micropipettes (tip diameter 25 mm). A total of 10 nL of 4% FG was injected into each animal 3 times over 2 minutes. 2.5% PHA-L 20nl and either prodomain (1 ml) were injected separated by the air bubble. To minimize leakage up the needle track after the injection, the needle was kept in place for an additional 10 minutes prior to withdrawal. In case of FG injection, 7 days later, the mice were deeply anesthetized with sodium pentobarbital. Using the Perfusion Two Automated Pressure Perfusion system (Leica Microsystems, Buffalo Grove, IL, USA), they were perfused transcardially with 30 mL of 0.9% saline, followed by 120 mL of 4% paraformaldehyde in 0.01 M sodium phosphate buffer (pH 7.4), at a flowing rate of 25 mL per min. The brains were then removed and post-fixed with 4% paraformaldehyde in 0.01 M sodium phosphate buffer (PB) at 4 C overnight and transferred to a sucrose solution (30% sucrose in 0.1 M PB) at 4 C for 48 hours. Coronal sections (40 mm) were prepared using a freezing microtome. One in every three sections was immediately mounted, while the other 2 sections were set in an antifreeze solution (30% glycerol, 30% ethylene glycol and 40% 0.25 M PB) and stored at À20 C. The mounted sections were air-dried for 3 hours before applying coverslips with a FG-enhancing solution (10% SiO 2 , 0.1 M Tris, pH 11). In case of PHA-L, tissue fixation and slicing were same as FG animals. Free-floating serial sections (take one every third) were washed (three times for 10 min each) in TBS, incubated for 30 min in a blocking solution containing 4% normal donkey serum and 1% BSA in Tris buffered saline (TBS) with 0.2% Triton X-100 (TBS-Tx). Sections then were transferred in rabbit anti PHA-L primary antibody (1:1000, Vector lab) diluted in the blocking solution mentioned above and incubated 24 hours at 4 C with rotating. After washed in TBS and sections were incubated for 2 hours with Alexa Fluor-labeled donkey anti-rabbit-555 (1:500, Invitrogen) and washed. The sections were mounted on chromium/gelatin-coated slides and air-dried for at least 2 hours in dark. Slides were coverslipped by water-soluble glycerol-based mounting medium containing 4,6-diamidino-2-phenylindole (DAPI) and sealed with nail polish.
Golgi staining and imaging Three hours after stereotactic prodomain injections into the vCA1, the mice were euthanized using euthasol (0.1 ml/10 g body weight). The brains were rapidly removed, submerged in modified Golgi-Cox solution containing 1% HgCl, 1% potassium dichromate and 0.8% potassium chromate and left at room temperature, in the dark for 10 days. They were subsequently transferred to 30% sucrose solution at 4 C for 3 days. The brains were cut into 120 mm coronal sections mounted on gelatin coated slides. Tissue on slides was allowed to dry and following washes was placed in blackening solution containing 0.4% potassium hydroxide for 10-15min. Following this step, the tissue went through series of dehydration steps and placed in Histo-Clear (Sigma). Sections were covered by coverslips with DPX mounting medium, air-dried for 3 days and imaged under the light microscope. The neurons for spine analysis were chosen from the areas surrounding the radius of 1000 mm of the injection but excluding 250 mm radius area of the injections site to minimize sampling of neurons from the lesion site. Neurons were analyzed by the experimenter blinded to the conditions. Dendritic spine density measurements were performed using Neurolucida program (MBF Bioscience, VT, USA). Spines chosen for analysis came from untruncated secondary dendritic branches longer than 30 mm of neurons isolated from neighboring impregnated cells. Spines were categorized using previously described criteria (Risher et al., 2014) .
Cued fear conditioning and extinction
The task was conducted as described previously (Pattwell et al., 2012b) . Briefly, the fear conditioning apparatus consisted of a mouse shock-chamber (Coulbourn Instruments, Whitehall, PA, USA) placed in a sound-attenuated box. On day 1 (fear acquisition),
